Lake and peat deposits from the Timan Ridge, Arctic Russia, were pollen analysed, reconstructing the vegetation history and paleoenvironment since the Last Glacial Maximum (LGM) 20-18,000 years ago. The sites studied are located inside the margins of a large paleolake of about 20 km 2 , by us named Lake Timan. This lake developed in the Late Weichselian, more than 30,000 years after the deglaciation of this region, and was formed due to increased precipitation and warmer summers that accelerated the melting of stagnant ice within its catchment. The lake was drained during the early Holocene when the outlet rivers eroded the spillways. A new generation of much smaller lakes formed during the Holocene when the last remnants of buried glacier ice melted away causing the exposed floor of Lake Timan to subside. Since deglaciation, the following regional vegetation development has been recorded: (1) During the initial stage of Lake Timan, the dominant vegetation was discontinuous steppe/tundra, with patches of snow bed vegetation. (2) A dwarf-shrub tundra established during the Late Weichselian interstadial (Allerød), probably reflecting warmer and moister conditions. (3) The Younger Dryas cooling is recognised by a reversal to steppe/tundra and snowbeds on unstable mineral-soils, and higher palynological richness. (4) Soon after the transition into the Holocene, a birch-forest established on the Timan Ridge. (5) A cooling starting around 8200 cal.years BP initiated the deforestation of the exposed hills. In the most protected sites, birch trees persisted until later than 4000 years ago, reflecting a gradual development into the present treeless dwarf-shrub tundra.
Introduction
The paleoenvironment and vegetation history in northern European Russia is poorly known (see [Khotinsky 1984] ; [Peterson 1993]) . Holocene studies exist from east of the Pechora river (e.g. [Davydova and Servant-Vildary 1996] ; [Kaakinen and Eronen 2000] ) and from Kola and Karelia in the west (e.g. [Elina and Kuznetskov 1996] ; [Kremenetski and Patyk-Kara 1997] ; ; [Velichko 1997] ; [Jankovska 1999] ; [Snyder 2000] ). Here we present the results of geological and pollen-analytical studies from the Timan Ridge close to the Barents Sea coast in the European part of the Russian Arctic. In this area, sediments of a Late Weichselian paleolake and the exposed layers of a Holocene peat bog were studied. This area is ecotonally positioned just north of the present subarctic tree-birch vegetation. Detailed paleobotanical analyses have provided a continuous record of the environmental development from near the Last Glacial Maximum (LGM, and up to the present. The pollen stratigraphy reveal significant displacements of vegetation belts through time.
Study area and sample sites 2.1. Geology and glacial history
The Timan Ridge is a low north-south trending bedrock ridge forming a barrier between the Pechora Lowland and the White Sea Basin. Our study area (67°16′N, 48°43′E) is located in the northern part of the ridge, ca 30 km south of the Barents Sea coast. This is 5-10 km inside the Markhida-Pyoza moraines deposited by the Barents-Kara Ice Sheet during the early Middle Weichselian some 60-50 ka ( Fig. 1 ) (cf. Mangerud et al., 1999) . At the LGM, the Barents-Kara Ice Sheet terminated on the continental shelf in the Pechora Sea north of the Timan Ridge, whereas the margin of the Scandinavian Ice Sheet was located in the Mezen drainage basin about 200 km further west ( , [Svendsen] submitted). The landscape, slightly undulating between 150 and 200 m a.s.l., is covered by a veneer of Quaternary sediments with visible bedrock at the highest altitudes. Bedrock is metamorphic Precambrian bedrock ( [Khain 1985]) , and Quaternary deposits consist of glacial deposits including tills and glaciofluvial and lacustrine sediments ( [Lavrov 1991] ). Geomorphologically, the study area is characterised by some conspicuous north-south trending esker ridges and many fresh looking kettle holes ( Fig. 1 and Fig. 2) . A horizontal break of slope at about 170-180 m a.s.l. is distinct in several slopes and was traced in some areas for several kilometres on air photographs ( Fig. 1 and Fig. 2 ). In field, these lines appeared as erosional features that we interpret as a system of shorelines incised into the glacial deposits. According to our mapping, they outline the existence of a more than 20 km 2 large paleolake ]) that we have named Lake Timan. This interpretation is substantiated by: (1) Within the margins of the of Lake Timan, the terrain is smoothed and partly draped by silt/clay. Outside, a hummocky glacial landscape ( Fig. 2) is without any traces of flooding. (2) Fossil ice wedge polygons are frequent above the inferred shorelines but almost absent below. (3) The highest shorelines, up to 20-30 m above the present local lakes, imply that Lake Timan had outlets at the same level. At several places, esker ridges that according to our mapping once dammed the lake, are cut through by narrow erosional gaps ( Fig. 1 and Fig. 2) . These point to a superimposed fluvial incision reflecting a falling water level. Fig. 1 . Maps of different scales showing the study area, coring sites, and names mentioned in the text. The study area and coring sites are shown with large dots. The southern limits of the Barents-Kara Ice Sheet at 60-50 ka and the LGM are indicated ( , [Svendsen] , submitted). The local map shows the highest level (170 m a.s.l.) of the lateglacial palaeolake (shaded), which is reconstructed by mapped shorelines and stratigraphic observations. In the local map, the stippled outline of Fig. 2 includes the coring sites, the esker (E), the recognised shorelines (S, in bold lines), and two erosional gaps (G) through the esker. Fig. 2 . Aerial photo of the studied area showing the coring sites (12, 15A, 25, 48) , the eskers (E), the shorelines (S), and the erosional gaps (G) through the esker that dammed Lake Timan. Notice the hummocky landscape to the west of the damming esker ridge.
Sample sites
All the investigated sites are within the margins of Lake Timan. Bolvan I is a round, flat bog of about 1 km 2 in a depression (160 m a.s.l.) delimited by bedrock and glacial deposits. The catchment drains southwards. Coring sites 25 and 48, ca 150 m apart, are located on the Sphagnum bogs close to a local pond.
Close to the northern rim of Bolvan I, a distinct shoreline is incised into the silty soil (170 m a.s.l.). Just above and perpendicular to the shoreline, an erosional exposure was cleared (locality 12, Fig. 1 ).
About 2 km north of Bolvan I, at the head of an erosional ravine, the peat profile of a present Sphagnum bog underlain by silt and clay, was exposed at ca 168 m a.s.l. (locality 15A, Fig. 1, Fig. 2 and Fig. 3 ). The studied sequence is located in a small depression on a low esker ridge. Its catchment drains northwards. Fig. 3 . The cleared section at site 15A showing the lateglacial lacustrine sequence capped by the Holocene peat. The spade is approximately 1.2 m long. The close up shows from below and upwards: the lateglacial clay, the thin and compressed terrestrial peat of early Holocene age, the olive green gyttja of the shortlasting pond phase, and the stratified peat from the birch-forest phase.
Climate and vegetation
The mean January and July temperatures in the study area are ca −15°C and 9-10°C, respectively ([Barents Euro-Arctic Region Databank.]). At the Barents Sea coast, ca 30 km north of the study area, annual precipitation is 400-450 mm with a peak in August-October ([NOAA NCDC Global Climate Perspective System monthly station.]).
The study area is situated in the Malozemelskaya Tundra within the low Arctic zone. On well-drained elevations and slopes, dwarf-shrub heaths (with e.g. Betula nana, Empetrum) and herb-rich grasslands dominate. Exposed ridges are lichen-dominated. Snow beds with e.g. Salix herbacea are frequent. Willow scrub and tall-herb vegetation are found in protected depressions. Juniperus communis is restricted to south-facing and protected slopes.
Wetlands are ombrotrophic Sphagnum bogs or fens dominated by Carex aquatilis or Eriophorum russeolum. A few palsas and turf-tussock formation show frost influence. The area is located within the zone of discontinuous permafrost ([Brown 1997]) .
About 3 km south of Bolvan I, vegetation of Betula pubescens reaches its northern limit as table-birch scrubland (sensu [Oksanen 1995] ) on south-facing slopes. According to [Kremenetski 1998 ] and [MacDonald 2000a] , Picea forms the regional treeline in this part of Russia, but Picea was not observed here by us.
Material and methods

Field work
At Bolvan I, the basin stratigraphy is represented in a transect based on 33 coring sites (Fig. 11 ) using a 54 mm Russian corer. Sites 25 (Late Weichselian) and 48 (Holocene) were cored for pollen analysis using a 110 and 54 mm Russian corer from the bog surface. The exposed sections at locality 12 and 15A were cleaned, described (Table 1) , and sampled for pollen analysis (2-10 cm intervals) and dating. 
Laboratory and analytical work
Pollen samples (1 cm 3 ) had Lycopodium tablets added for estimates of concentration and influx ([Stockmarr 1971] ) and treated with HF and acetolysed according to [Faegri and Iversen 1989] . Percentage loss-on-ignition (LOI) or total-organic-carbon (TOC) were estimated.
Pollen identifications were based on [Faegri and Iversen 1989] , [Moore 1991] , and [Punt 1976 [Punt -1995 , in combination with a reference collection of modern material. Phase contrast/oil immersion objectives (63×/1.4,100×/1.3) and 10×oculars were used. To objectively separate Betula nana pollen from tree-birch pollen, Betula pollen grain diameters ([Eneroth 1951] ) and diameter/pore-depth ratios ( [Birks 1968]) were measured at selected levels at loc. 15A. One hundred grains per sample were measured to the nearest ocular half-line (0.8 m). Mounting medium was glycerol.
In the pollen diagrams, the percentage calculation basis (∑ P) comprises the terrestrial pollen taxa, including unidentified pollen but excluding the sedges that show local over-representation. For a taxon X within sedges, aquatic pollen, spores, and secondary microfossils, the calculation basis is ∑ P+X.
The zonation of the pollen diagrams was based on the computer program ZONE 1.2 (S. Juggins, 1991, unpubl.) . The computer programs CANOCO 3.12 ([Ter Braak 1987 ) and CANODRAW 3.0 ( [Smilauer 1992]) were used for detecting and graphing the ordinational patterns in the terrestrial vegetation development. Palynological richness was estimated by rarefaction analyses (program RAREPOLL, [Birks and Line 1992] ).
Dates
Sixteen AMS dates (usually on terrestrial macrofossils), seven conventional radiometric dates (on bulk sediments/peat), and two TL-dates were obtained (see Table 2 and Fig. 4 ). Age calibration is according to [Stuiver 1998 ]. The upper boundary of the silt gyttja is defined by a distinct sand lamina. At most coring sites, it is draped by a 1-2 cm thin peat bed with frequent plant macrofossils, including mosses, compressed twigs, etc. This peat horizon represents a terrestrial surface, and is dated by two AMS dates to 8.1 cal.kaBP.
Above this peat, there is 2-3 m of silty gyttja. The lower part is light-brown fine-detrital gyttja grading upwards into a darker coarse-detrital gyttja. Dates in the range 9.1-3.2 cal.kaBP (Table 2) show that conventionally dated bulk sediments are up to 2.5-3.5 cal.ka older than AMS dated terrestrial macrofossils from about the same level (Fig. 4) . We believe that hardwater ( [Donner 1971 ], see presence of calciphilous aquatics) and/or redeposition ( [Björck 1998 ]) have affected the gyttja dates.
At several coring sites, vertical fissures or cracks appeared in the fine-detrital gyttja. At site 48, similarly dated samples (AMS versus conventional dates) gave similar results within the fissured part (depth 195-310 cm, see Table 2 ). As also indicated by the uniform pollen stratigraphy (paz 48-3), this probably reflects vertical mixing by frost ( [Paus 2000]) , either by downward penetration of frost ( [Funder and Abrahamsen 1988] ) and/or by redeposition from melting bottom ice floating to the surface and carrying frozen layers of sediments torn from the bottom ( [Nichols 1967] ).
Locality 12 (170 m a.s.l.)
Lowermost is light-grey sand, interpreted as a glaciofluvial deposit related to the adjacent esker system ( Fig. 1 and Fig. 2 ). The sand shows a contorted and vague bedding probably caused by cryoturbation. Above follows a 0.5-1.0 m thick unit of sub-horizontally bedded silty sand. It contains frequent, nearly vertical rust-stained structures with a roundish cross-section. They are interpreted as root casts. The sediments contain polished gravel particles of which many were identified as ventifacts. Probably this unit represent a terrestrial soil covered by vegetation. Above, a well-defined, 50-90 cm thick unit of silt/clay, occurs. Its base contains numerous roundish root casts that seems to be water rolled and reworked from the underlying unit. Frequent algae and aquatic pollen throughout indicate that the silt/ clay layer is a lacustrine deposit. We assume it reflects a rising Lake Timan that flooded a previous land-surface. Its pollen composition indicates accumulation at the close of the Late Weichselian. A TL date from the middle part of the lacustrine mud yielded the age of 10,220±1040 (Table 2) .
Locality 15A (ca 168 m a.s.l.)
The base is glaciofluvial sand and gravel, which is part of a broad esker ridge (Fig. 2) . The following 2 m sequence of alternating sand and silt layers is capped by a well-defined 0.4 m thick layer of clay. As for locality 12 with similar stratigraphy, we assume that the sediments accumulated at the floor of Lake Timan. Possibly, the upper clay reflects a larger water depth than the sand and silt below. The upper boundary of the clay is sharp and covered by a thin (1 cm) layer of terrestrial peat followed by 10 cm of a dark, olive green gyttja. Above the gyttja, there is a 1.7 m thick sequence of terrestrial stratified peat.
The minerogenic sediments lack any dates. A pre-Holocene age is indicated by pollen-stratigraphical similarities with the dated core 25. Twigs of Betula pubescens from the overlying terrestrial peat was AMS dated to 9.8 cal.kaBP. Four levels of the stratified peat above show AMS dates in the range of 9.3-5.5 cal.kaBP.
Betula pollen statistics
The diameter (D) and pore-depth (P) of Betula pollen grains were measured from selected levels at site 15A ( In paz 15-4 to 15-6, the Betula pollen statistics show unimodal diameter patterns and uniform D/P ratio curves with peaks around 8-8.5. Together with macrofossil finds in paz 15-4 and 15-5 (Table 1, Fig. 5 ), this indicates the dominance of Betula pubescens (cf. D/P ratios of modern Betula species; [Birks 1968] ; [van Leeuwaarden 1982] ). In paz 15-2, 15-7, and 15-8 and including the surface sample with local Betula nana, the curves tend towards bimodal patterns, and the average of the D/P ratios increase, showing simultaneous and distinct representation of both Betula nana and tree-birch pollen. The D/P ratios suggest that Betula nana pollen constitutes about 1/3 to 1/2 of total Betula in these paz.
Numerical analysis (PCA)
Except for square-root-transformation and downweighting of rare taxa, default settings in CANOCO were followed. DCA ordination showed the length of the first axis to be 1.865 standard deviation units, indicating linear response curves ( [Jongman 1987] ). Hence, PCA was chosen as ordination technique ( Fig. 6) . Here, pioneer taxa (e.g. Artemisia) are distributed to the right. In the upper left of the ordination, tall-herbs (e.g. Filipendula), ferns and deciduous trees (e.g. Populus), reflecting denser vegetation on fertile humus soils, are concentrated. In the lower left, dwarf-shrubs and other present-day tundra taxa, are found. Here, also conifers and broad-leaved trees appearing as long-distance pollen in modern spectra, are located. In the ordination of samples, the pollen diagrams (Fig. 8, Fig. 9 and Fig. 10 ) show identical pathways through the ordination space ( Fig. 6) . The Late Weichselian correlates with the pioneer, mineral-soil taxa on the right. The early Holocene shows affinity to the fertile-soil taxa in the upper left, whereas late Holocene samples relate to the dwarf-shrubs and long-distance taxa in the lower left.
Palynological richness estimates
The palynological richness is a proxy for the total floristic richness within the pollen source area and includes the richness of component vegetation types and the mosaic structure within the pollen catchment ( [Birks and Line 1992] ; [Odgaard 1999]) . Intermediate levels of disturbance maximise richness by preventing both dominance and extinction of species ( [Grime 1973] ).
As the local terrestrial vegetation development is the focus of this study, aquatics, reworked pollen and long-distance dispersed pollen were excluded from the rarefaction analyses ( [Birks and Line 1992] ). The often dominating representation (2-4×∑ P) of Cyperaceae, Lycopodium annotinum, and Polypodiaceae most probably reflect local contamination, so they were excluded from the data set prior to the analyses.
Two series of estimates, E(T 404 ) and E(T 165 ), were carried out (Fig. 7) . E(T 404 ), with ∑ P=404 as the statistical basis, compares the pollen-rich Holocene samples of the three sites, whereas E(T 165 ) compares the Late Weichselian and early Holocene samples of sites 15A and 25 with lower ∑ P. Due to little pollen and distinctly higher proportions of reworked microfossils, paz 25-1 is not included in the analyses. In the discussion of deforestation, E(T 853 ), a more reliable measure of richness than E(T 404 ), was estimated at site 15A (Fig. 5) . 
Discussion
5.1. Lake history and melting of dead ice (Fig. 1, Fig. 2 and Fig. 11) The last active ice sheet that covered this region, probably disintegrated some 60-50,000 years ago Mangerud 2001] ). However, the 14 C-dates from Bolvan I (core 25) indicate that lacustrine silt/clay started to accumulate on the lake floor as late as 20-15,000 years ago. Our explanation why this lake seems to have formed much later than the regional deglaciation is that large pieces of stagnant glacier ice survived throughout the Middle Weichselian and thereby prohibited any lake formation. In line with this, ] have shown that buried ice has survived for more than 60,000 years in NE Pechora lowland. As no lacustrine deposits older than 20-15,000 years have been found within the study area, the most intensive melting event probably occurred after the LGM.
We assume that as soon as Lake Timan filled up the entire basin, the out-flow river(s) started to erode the spillways by downcutting through the damming eskers (Fig. 1, Fig. 2 and Fig. 11 ), causing a lake-level drop. At site 15A, the accumulation of lacustrine clay ceased soon after the transition to Holocene suggesting that the lake became smaller. The basal peat layer above shows that the lake level dropped below 168 m a.s.l. not later than ca 9.8 cal.kaBP. A similar rapid lake-level drop at Bolvan I (160 m a.s.l.) is shown by a pronounced increase of organic content indicating that a shallow local lake developed in the early Holocene. Thereafter, the lake floor of Bolvan I was covered by a thin terrestrial peat at ca 8.1 cal.kaBP.
Gyttja deposits above these peat horizons at both sites show the formation of younger local lakes (Fig. 11) . At site 15A, the lake stage was short-lasting (9.8-9.4 cal.kaBP), whereas lakes at Bolvan I have existed since ca 8.1 cal.kaBP up to present. These lakes could have a climatic origin. However, we find it more likely that these ponds formed when the ground subsided due to melting of buried glacier ice that survived for several thousand years underneath the floor of Lake Timan (Fig. 11) . At site 15A, this is indicated by the occurrence of faults and deformation structures within the underlying strata interpreted to show post-depositional sagging.
The pollen assemblage zones (paz) and local vegetation
5.2.1. Bolvan I, core 25 (Fig. 6, Fig. 7 and Fig. 8 Total pollen influx below 200 grainscm −2 a −1 compares to modern mid-arctic tundra ([Ritchie and Lichti-Federovich 1967] ; [Fredskild 1973]) . A local discontinuous pioneer vegetation on unstable mineral-soils involved wind-blown ridges (cf. Papaver, Achillea-type) and snow-beds (cf. Salix, Saxifraga). Whether the wind-pollinated Artemisia and Chenopodiaceae reflect local steppe or more regional conditions, is unclear. At the paz 25-1/2 transition, decreasing reworked pollen indicate stabilising soils, and the Cyperaceae increase suggests moister soils and/or improved conditions for the aquatics by warming and/or rising lake-level. 
Local paz 25-3: Betula-Artemisia (Late Weichselian interstadial)
Vegetation closure is indicated by: (1) increased total pollen influx (250-1100 grainscm −2 a −1 ), similar to modern low-arctic pollen rain ([Ritchie and Lichti-Federovich 1967] ) and slightly lower than from the Fennoscandian low-alpine zone ( [Hicks 1994] ; [Alm 1996 ]), (2) an ordination close to humus soil vegetation ( Fig. 6) , and (3) decreasing palynological richness ( Fig. 7) , lower than in the Lateglacial of SW Norway ( [Paus 1992] ) and in the early Holocene of northern Fennoscandia ( [Seppä 1998 ]). Paz 25-3 is interpreted to reflect ameliorating conditions passing the level of intermediate disturbance ( [Grime 1973] ) towards increased competition (cf. Betula dominance). Betula D/P ratio (Fig. 5 ) in paz 15-2, which correlates to paz 25-3, indicates the development of a dwarf-birch tundra.
Local paz 25-4: Artemisia-Poaceae (Younger Dryas)
Revertance to pre-interstadial conditions is shown by total pollen influx, reworked microfossils, palynological richness (Fig. 7) , and the ordination of pollen assemblages ( Fig. 6) .
Local paz 25-5: Betula-Salix-Artemisia (Younger Dryas/Holocene transition)
Vegetation closure at the onset of the Holocene are shown by increasing Betula and total pollen influx and decreasing palynological richness. The pollen assemblage indicates developing willow scrub with sparse tall-herbs (e.g. Filipendula) and possibly tree-birches (Betula influx 350 grainscm −2 a −1 ), at least regionally.
5.2.1.5. Local paz 25-6: Poaceae-Filipendula-Onagraceae, ca 11.3-9.0 cal. ka BP Rises in grasses, ferns, tall-herbs, and palynological richness reflect more open conditions, but without the mineral-soil pioneers (e.g. Artemisia). As Lake Timan dried out (cf. decreasing algae), a moist, early successional stage appears on the newly exposed basin bottom. This seems to suppress the relative values of the regional pollen rain of e.g. birch and willow.
5.2.1.6. Local paz 25-7: Betula-Filipendula-Polypodiaceae, ca 9.0-7.6 cal. ka BP The peat layer reflects the next and drier successional stage on the former bottom of Lake Timan. The local establishment of birch forests (Betula influx 1000-3000 grainscm −2 a −1 ) included Populus, Sorbus, tall-herbs and ferns. Detrital gyttja with abundant aquatics shows the development of a local lake. As this caused an increased pollen source area, palynological richness increased (cf. [Birks and Line 1992] ; [Seppä 1998 ]), long-distance representation (e.g. Pinus, Picea, Alnus) improved, and pollen influx decreased (cf. (Fig. 6, Fig. 7 and Fig. 9 These reflect the same tree-birch/tall-herb stage as paz 25-7/25-8, as visualised by the ordination (Fig. 6) . Tree-birch fruits are found at the transition to paz 48-3. This is comprised by the fissured gyttja, vertically mixed by frost. At its base, the AMS date of terrestrial macrofossils represents a maximum age as fossils probably are reworked or moved upwards by frost. The fissured pattern, the uniform pollen content and the maxima of Thalictrum and Persicaria amphibia indicate that the frost disturbance is mainly restricted to this paz.
Bolvan I, core 48
Local paz 48-4:
Betula-Juniperus-Salix, ca 2.3-1.7 cal. ka BP Sudden changes in pollen concentrations and the pollen assemblage in a coarser textured gyttja with roots point to reduced frost mixing (cf. [Paus 2000] ). The higher palynological richness including taxa diagnostic of tundra, such as Empetrum, Ledum, Veratrum, and Bistorta-type, reflect a tundra rather similar to the present. Polypodiaceae, not present today, and Filipendula, indicative of fertile soils, gradually decrease. The transition from gyttja to Sphagnum peat shows a more locally influenced pollen/spore deposition, as visualised by the increase of e.g. Vaccinium-type and Melampyrum. A more open local vegetation is shown by rising palynological richness ( [Birks and Line 1992] ; [Seppä 1998 ]), improved long-distance representation (e.g Pinus spp., Artemisia), and increased Poaceae values. The paz, closely ordinated with modern surface samples ( [Paus 2000]) , reflects a tundra similar to the present. (Fig. 5, Fig. 6, Fig. 7 and Fig. 10 This shows a pre-interstadial steppe-tundra similar to paz 25-1/2. However, taxa indicating moister soils/snow beds (e.g. Caltha-type, Rumex, Salix) are absent or less frequent, resulting in lower palynological richness (Fig. 7) . A more arid and homogenous vegetation than at the protected site 25 seems to have been formed. 
Locality 15A
Local paz 15-2: Betula-Salix-Ericales (Late Weichselian interstadial, correlated with site 25)
Vegetation closure is shown by increasing dwarf-shrubs and tall-herbs and decreasing mineral-soil taxa. Estimated total pollen influx is ca 200 grainscm −2 a −1 comparable to modern mid-/low-arctic values ([Ritchie and Lichti-Federovich 1967] ; [Fredskild 1973] ). As Lake Timan was large, these records may be under-estimates compared to the later basin stages (cf. [Pennington 1973]) . Hence, the Betula nana influx of ca 50 grainscm −2 a −1 (Fig. 5) reflects local dwarf-shrub tundra, whereas the similar tree-birch influx is too low to indicate local occurrence ( [Paus 1995] ; [Alm 1996] ). The increasing palynological richness ( Fig. 7) involves new taxa on moister soils (e.g. Caltha-type, Koenigia). Probably, climate reached an optimal disturbance level and increased the number of local habitats.
Local paz 15-3: Artemisia-Salix-Dryas (Younger Dryas)
The ordination suggests a vegetation break-up and recurrence to the pre-interstadial steppe-tundra conditions (Fig. 6) . However, both moist-soils (cf. Salix, Cyperaceae) and drained-soils (cf. Astragalus, Dryas) habitats were still locally present and included new colonists, so the palynological richness shows little change. Apparently, the conditions were still at intermediate disturbance level and were, thus, less harsh than in paz 15-1.
Local paz 15-4:
Betula-Salix-Empetrum, ca 11.7-9.8 cal. ka BP The rapid displacement towards humus-soils in the ordination (Fig. 6) , increasing pollen influx, and decreasing palynological richness show a vegetation closure caused by the early Holocene warming. Tree-birch macrofossils ( Table 1) , D/P ratios similar to modern pollen of Betula pubescens, and Betula influx of ca 4000 cm −2 a −1 (Fig. 5) show local birch-forests ( [Hicks 1994] ; [Alm 1996 ]). Local birch-forests (cf. Betula influx, D/P ratios) were of a fern-rich tall-herb type. The minima in Juniperus, Poaceae, and palynological richness, and the distinct representation of Populus, and Sorbus suggest developing shade and increased competition within the forests. At the coring site, moist soils and peat with e.g. Caltha, and Sphagnum developed. At the lower zone boundary, local deforestation is shown by: (1) Betula and other deciduous trees decrease, and the light-demanding Juniperus, Poaceae, and long-distance representation increase. The following short-lived NAP maximum parallels similar maxima found by [Aario 1940] and [Simonsen 1980 ] to reflect tree-line situations. (2) The Betula influx falls to about 1000 grainscm −2 a −1 , of which one third to one half is B. nana (Fig. 5) . Both the influx and D/P values are similar to the present tundra (Fig. 5) . (3) The palynological richness rise ( Fig. 5 and Fig. 7) indicates more open conditions ( [Birks and Line 1992] ; [Odgaard 1994]) . [Seppä 1998 ] also found a richness increase during the Holocene tree-line retreat in Fennoscandia. In paz 15-7, present-day tundra taxa (e.g. Bistorta-type, Empetrum, Ledum) arrive and/or increase, whereas Filipendula and Urtica on fertile soils decrease. All this suggest deteriorating conditions causing local deforestation, leaching of soils, and the development of juniper-scrub, dwarf-shrub heath and herb-rich grasslands as parts of a mosaic vegetation.
Local paz 15-8: Betula-Pinus-Sphagnum, ca 5.0 cal. ka BP -present
Taxa of the present tundra appear (e.g. Dianthus, Polemonium, Veratrum). A vegetation similar to the present develop already at the zone boundary according to spectra closely ordinated with modern surface samples ( [Paus 2000] ). An early maximum in palynological richness could indicate deteriorating conditions that passed the intermediate level of disturbance. A harsher climate could also have reduced the overall local pollen production and dispersal (cf. [Birks and Line 1992] ; [Moe 1998 ]). In line with this, long-distance taxa (e.g. Alnus, Artemisia, Pinus) increase, and the present dominant dwarf-shrub heath, except for Betula nana, is hardly represented in the surface samples ( Fig. 10 and [Paus 2000] ).
The regional vegetation and climate history
The Late Weichselian
The pre-interstadial paz 15-1, 25-1 and 25-2 visualise a discontinuous mineral-soil vegetation in a mosaic with e.g. Rumex, Saxifraga, and Ranunculus species on moister soils or in snow beds, and with e.g. Armeria, Dryas, and Papaver on windblown ridges. Mesophytes show distinctly lower representation at the exposed site 15A than at the more sheltered Bolvan I. Together with the well-represented Artemisia, Chenopodiaceae and Poaceae, significant similarities with the Late Weichselian steppe/tundra recorded from NW Europe to east of the Urals (e.g. [Berglund 1994 ]; [Birks 1994] ; [Walker 1994] ; Melles 1997 and ; [Kondratiene 1998 ]; [Satkunas and Kondratiene 1998 ]) appear. Along this periglacial belt, macrofossils show that the wind-pollinated Artemisia had some local significance ( [Webb and Moore 1982] ; [Kienast 2001]) .
At Timan, the distinct Betula rise, ca 13.8 cal.kaBP, reflects the onset of the interstadial warming. Betula pollen statistics and influx estimates (Fig. 5) indicate that this rise reflects local B. nana and long-distance tree-birch pollen. Hence, no trees established in the Timan area. This contrasts [Khotinsky 1984] , [Borisova and Zelikson 1995] , [Zelikson 1997] , and [Serebryanny 1998 ], stating that an interstadial forest-tundra established at the Russian Arctic Coast. At Timan, the dominant vegetation type was dwarf-shrub heath with e.g. B. nana, Ericales species and Lycopodium annotinum. More protected were willow/tall-herb communities (with e.g. Filipendula, Trollius) and snowbeds (with e.g. Caltha-type, Koenigia, Onagraceae) . Different interstadial patterns of palynological richness changes at sites 15A and 25 (paz 25-3 versus paz 15-2, Fig. 7a ) indicate that the sites experienced different levels of disturbance (sensu [Grime 1973]) . At site 25, reduced richness suggests increased competition, causing a homogeneous dwarf-shrub dominated vegetation. At the exposed site 15A with a northern aspect, however, milder interstadial conditions caused a richness rise by allowing the development of moister habitats locally.
That Lake Timan did not form until the final stage of the Lateglacial, indicate that no major melting event occurred prior to the Late Weichselian interstadial. Hence, this interstadial was probably warmer and more humid than the Middle Weichselian interstadial(s). Inferred from pollen indicators (Table 3) , the Lateglacial interstadial warming was only slight with July temperatures similar to present (Fig.  12) . In contrast, [Velichko 1995] , [Klimanov 1997] , and [Kutzbach 1998 ] infer 4-5°C higher temperatures in the North-Russian interstadial than in other Lateglacial periods. At Timan, a single interstadial tetrad of Typha latifolia, indicating a July mean of 13.5°C ( [Iversen 1954] ; [Aalbersberg and Litt 1998 ]), is probably long-dispersed, though rather small amounts of conifer pollen throughout the Lateglacial ( Fig. 8 and Fig. 10 ) suggest limited long-distance pollen representation. Probably dominant winds came from glaciated areas in the west and north during summers. Table 3 . Indicator species and their July temperature requirements according to [Kolstrup 1979] , [Paus 1992] , and [Aalbersberg and Litt 1998] Paz 15-3 and 25-4 reflect the revertance to the mosaic and fragmented pre-interstadial vegetation on unstable mineral soils. We interprete these changes to reflect the Younger Dryas cooling. The Pereslavl' cooling ( [Khotinsky 1984 ]) correlated to the Preboreal oscillation ( [Björck 1997]) , also shows rises in Artemisia and Chenopodiaceae. However, in Russian pollen diagrams recording both periods ( [Elina 1995] ; [Hahne and Melles 1997] ; [Khotinsky and Klimanov 1997] ; [Arslanov 1999]), the Younger Dryas pollen assemblage changes are similar to paz 15-3 and 25-4 and distinctly more extensive than for the Pereslavl' event.
The Holocene
Rapid palynological rate of change towards humus-soil vegetation in the ordination (Fig. 6 ) reflect the onset of the Holocene warming. On the northern part of the Timan Ridge ( Fig. 11) , birch forests with Populus, Sorbus, tall-herbs, and ferns developed. Macrofossils at the site 15A show that tree-birch established locally not later than 9.8 cal.kaBP. In contrast to the Timan records, mixed forests including significant Larix and Picea, reached the Arctic coast elsewhere ( [Kremenetski 1998 ]; [Kaakinen and Eronen 2000] ; [MacDonald 2000a] ). These regional differences is explained by the higher altitude and harsher conditions on the Timan Ridge than in the lowland areas at the same latitude. Fig. 11 . The interpreted lake development during the lateglacial and the Holocene in the study area of the Timan Ridge. (1) The area was covered by dead ice from the Middle Weichselian deglaciation around 50 ka until the lateglacial warming. (2) A large palaeolake formed during the lateglacial interstadial due to melting of buried glacial ice. (3) A thin terrestrial peat layer formed after the drainage of the palaeolake. (4) The present-day situation with bogs and local ponds. The sampled sites is inserted.
In the first half of the Holocene, a July mean of at least 10°C is estimated for the study area (Fig. 12) . Long-distance tetrads of Typha latifolia (Fig. 12) and birch forests reaching a maximum density in paz 15-6 ( Fig. 5) , point to a thermal maximum (July) well before 8200 cal.yearsBP. This accords with studies from present coastal and island areas in Arctic Russia (e.g. ; Melles 1997 and ; [Serebryanny 1998 ]; [MacDonald 2000a] ). The northernmost finds of tree-birch macrofossils north of the present Russian Arctic treeline ( [Kremenetski 1998 ]; [MacDonald 2000a] ) also indicate an early Holocene thermal maximum. However, a mid-Holocene maximum is recorded at Russian inland sites (e.g. [Elina 1995] ; [Davydova and Servant-Vildary 1996] ; [Khotinsky and Klimanov 1997] Table 3 . The difference between the estimated and meteorologically measured present-day July means shows that the indicated temperatures are minimum estimates. Temperatures indicated by long-distance pollen grains/tetrads of Hippophaë (H) and Typha latifolia (T) are added.
At the exposed site 15A, the local deforestation occurs ca 8200 cal.years. Thereafter, this local area remained tree-less throughout the Holocene (Fig. 5) . High Lycopodium and Polypodiaceae percentages (Fig. 8, Fig. 9 and Fig. 10 ) indicate that these early birch-forests were of an oceanic type (cf. [Seppä and Hammarlund 2000] ). Furthermore, in the early Holocene, northern Russia experienced wet conditions persisting until at least 7000 14 C years BP ( [Harrison 1996] ; [Wolfe 2000]) . Hence, the birch decline at 8200 cal.years (7500 14 C years) BP was probably not caused by increasing aridity (cf. [Kullman 1986 ]; [MacDonald 1993]) . The initial deforestation is simultaneous with a pronounced cooling (8200-event) recorded in Greenland ice cores ( [Johnsen 1992] ) and which seems to have had global impact ( [Dahl and Nesje 1996] ; [Alley 1997] ; [Stager and Mayewski 1997] ; [Haas 1998 ]). This event has been related to changes in the North-Atlantic ocean-atmospheric system ( [Klitgaard-Kristensen 1998 ]; [Dean 2002]) . As the Russian Arctic are influenced by incursions of North-Atlantic air ( [Rogers and Moseley-Thompson 1995] ; [MacDonald 2000b]) , this cooling could have affected northern European Russia. In contrast to global records, no evidence suggests a climatic warming after the 8200 cooling on the Timan Ridge.
Contrasting the site 15A records, Bolvan I shows a gradual birch-rise in the first half of the Holocene. Then, at the paz 48-3/48-4 transition, the same palynological patterns (Fig. 6 and Fig. 7) appear as recorded at the deforestation in the 15A peat. We interpret this zone transition to reflect the regional deforestation, as it is recorded in lake gyttja and by more gradual pollen-assemblage changes than at site 15A. AMS-dated terrestrial macrofossils at the base of paz 48-3 give the maximum date of ca 4000 cal.yearsBP for initiation of the deforestation. This approaches the dates for treeline retreat elsewhere in northern Eurasia (3-4000 cal.yearsBP; [Kaakinen and Eronen 2000] ; [MacDonald 2000a] ). Thus, a time-lag of at least 4000 cal.years is indicated between the local deforestation at locality 15A and the regional deforestation at the more sheltered Bolvan I ca 2 km further south (see Fig. 6 ). It should be noted that one single specimen of Betula pubescens is still surviving on Bolvan I, and that the present northern limit of tree-birch vegetation is situated about 3 km to the south of Bolvan I and restricted to south-facing slopes. This irregular shape of the present tree-line suggests that the former tree-line did not retreat as a southerly moving front. As today, its shape was most likely topographically determined. Exposed sites, such as site 15A, were deforested early, whereas south-facing and protected sites retained tree-birch vegetation much longer. The present Salix vegetation may be an analogue to the former tree-birch vegetation. Willow-shrubs are found in depressions and along river courses reaching the Barents Coast, but are absent from higher sites and ridges within the study area 30-40 km further south.
Conclusions
1. A ca 20 km 2 large paleolake (Lake Timan) formed on the Timan Ridge during the Late Weichselian as a response to a pronounced climatic warming and increased precipitation. This lake was drained during the early Holocene as the out-flow rivers rapidly eroded the spillways. The present lake basins are kettle holes formed during the Holocene when buried glacier ice melted. 2. The following vegetation development was reconstructed within the study area: (a) a pre-interstadial discontinuous vegetation on unstable mineral-soils with xerophytes and mesophytes in topographically determined mosaics, (b) a Late Weichselian interstadial dwarf-shrub tundra dominated by Betula nana, (c) a Younger Dryas mineral-soil vegetation similar to the pre-interstadial, though snow-beds were better represented, (d) early to mid Holocene birch-forests with Populus, Sorbus and tall-herbs, and (e) a gradual development into the present tundra mosaics of dwarf-shrubs, grasslands, and willow-shrubs with tall-herbs. 3. The Holocene thermal maximum was reached earlier than 8200 cal.yrBP. At this time, the tree-line started to retreat whereas the regional deforestation of the Timan Ridge was completed at least 4000 years later. A gradual climatic cooling after 8200 cal.yrBP is reflected. 4. Local differences in the vegetation history appear between the exposed site 15A, and the sheltered Bolvan I, 2 km further south. In contrast to Bolvan I, site 15A shows: (a) minor representation of mesophytes in the pre-interstadial, (b) a better-developed mosaic vegetation with high palynological richness in the Late Weichselian interstadial, (c) a distinct earlier tree-line retreat in the Holocene. 5. The palynological records from Timan ridge at a high altitude contrast studies from the Russian Arctic lowland by showing: (a) cooler summers and no forests in the Late Weichselian interstadial, (b) scarce or absent Picea and Larix in the Holocene forests, and (c) an early initiation of the Holocene deforestation.
